Antibiotics leak constantly into environments due to widespread use in agriculture and human therapy. Although sublethal concentrations are well known to select for antibiotic-resistant bacteria, little is known about how bacterial evolution cascades through food webs, having indirect effect on species not directly affected by antibiotics (e.g. via population dynamics or pleiotropic effects). Here, we used an experimental evolution approach to test how temporal patterns of antibiotic stress, as well as migration within metapopulations, affect the evolution and ecology of microcosms containing one prey bacterium, one phage and two protist predators. We found that environmental variability, autocorrelation and migration had only subtle effects for population and evolutionary dynamics. However, unexpectedly, bacteria evolved greatest fitness increases to both antibiotics and enemies when the sublethal levels of antibiotics were highest, indicating positive pleiotropy. Crucially, bacterial adaptation cascaded through the food web leading to reduced predator-to-prey abundance ratio, lowered predator community diversity and increased instability of populations. Our results show that the presence of natural enemies can modify and even reverse the effects of antibiotics on bacteria, and that antibiotic selection can change the ecological properties of multitrophic microbial communities by having indirect effects on species not directly affected by antibiotics.
Introduction
Antibiotics are frequently released into the environment in an active form, where they exert selective pressure on bacteria [1, 2] . Already very low antibiotic concentrations (10 -100 times below lethal conditions) can increase the relative abundance of resistant bacteria and select for de novo resistance by increasing the rate of adaptive evolution [1, 3] . Furthermore, and much less studied, antibiotics could have indirect cascading effects on species that are not directly affected by antibiotics but that predate or parasitize bacterial cells. Antibiotics could thus have unexpected and indirect, community-wide consequences for the trophic dynamics and functioning of natural microbial ecosystems.
Previous studies have shown that, even in the simplest cases (e.g. a single species evolving in response to a single antibiotic), the rate of bacterial adaptation is affected by both the final concentration of the antibiotic (i.e. the strength of selection) and the rapidity with which the final antibiotic concentration is realized [4] [5] [6] . Antibiotics released into the environment are likely to exert even more complex patterns of selection gradients due to spatial and temporal variation in the leakage of antibiotics [1, [6] [7] [8] [9] . Fluctuations in antibiotic concentrations could affect resistance evolution by directly impacting population sizes, and therefore the supply of beneficial mutations [10] . First, even if the mean antibiotic concentration is the same, population sizes will tend to be lower in fluctuating versus stable antibiotic environments because population declines in unfavourable antibiotic conditions might not be fully compensated by population increases in favourable conditions [11] . Second, the amplitude of the fluctuations will impact population sizes even if the mean level of antibiotic is held constant because increases in the amplitude of the fluctuations will expose populations to more extreme conditions [12] . Third, the period of unfavourable conditions will typically be longer in autocorrelated environments where conditions are more similar in time ('red noise'), probably resulting in lower population sizes [13] . Finally, migration among subpopulations can dampen the negative impacts of environmental fluctuations by rescuing local populations from extinction and by spreading advantageous mutations [13, 14] . While temporal fluctuations could make bacterial populations more prone to stochastic extinctions [15] , the negative effects of antibiotics could be overcome via adaptation [16] . Although these factors have been addressed individually for single populations, here we seek to assess the combined influence of these factors and their interactions in a community context.
Bacterial adaptation to antibiotics could be further affected by the biotic interactions with the surrounding microbial community. For example, predators and parasites reduce bacterial densities in natural environments [17] and could thus constrain the emergence of resistance mutations. In addition, bacterial consumers exert selection for bacterial defence evolution [18, 19] , which could conflict with antibiotic resistance selection due to clonal interference (all mutations need to arise in the same individual) or via trade-offs (antibioticresistance mutants might be more susceptible to predation). However, there is also potential for bacterial consumers to indirectly select for antibiotic resistance if the same genes positively affect bacterial growth in the presence of both consumers and antibiotics. For example, bacteria often reside in biofilms (mats of cells on surfaces), and this growth mode has been shown to increase bacterial fitness in the presence of both antibiotics [20] and protist predators [21, 22] . Finally, concurrent selection by antibiotics and bacterial consumers could lead to higher pleiotropic growth costs, which could decrease the relative benefit of double-resistant versus single-resistant mutants when selection pressures fluctuate temporally. While migration could promote adaptation by increasing effective population sizes and spread of beneficial mutations, it could also constrain adaptation by creating mismatches between locally adapted subpopulations [23] .
Here, we used a laboratory-based experimental evolution approach to study how temporal and spatial sublethal antibiotic gradients affect the evolution and ecology of multitrophic microbial communities. We set up experimental metacommunities with the bacterial strain Pseudomonas fluorescens SBW25, two protist predators (Tetrahymena pyriformis ciliate and Chilomonas paramecium flagellate) and a phage parasite (SBW25F2). Sublethal concentrations [24] of bacteria-specific gentamicin antibiotic were used to create a patchwork of environmental conditions that varied across space and over time, ranging from slightly (11% density reduction) to highly (99% density reduction) unfavourable from the perspective of the ancestral bacterium. We used a fully factorial design, and modified the mean (low, intermediate and high), variance (low or high amplitude around the mean) and autocorrelation structure (the similarity between antibiotic concentration changes as a function of the time: red noise ¼ similar; white noise ¼ random) of antibiotic in multi-habitat-patch communities that were connected or unconnected via migration in different treatments (electronic supplementary material, figure  S1 ). In addition to tracking species population dynamics over the course of our 40-day-long experiment (estimated to be approx. 1000 bacterial generations), we also measured how bacterial fitness responded to the antibiotic and to all enemies at the end of the experiment.
The experiment allowed us to address the four following questions. First, does spatial and temporal variation in sublethal antibiotic concentration select for bacteria with increased growth in the presence of antibiotics? Second, do bacteria evolve defences against all the enemies of the community? Third, does antibiotic selection interact with anti-predatory defence selection (e.g. so that there is a positive or negative correlation between evolving better at growing in the presence of antibiotics and evolving defences against enemies)? Fourth, does bacterial response to antibiotics and enemies reverberate through food webs, having indirect effects on the ecological properties of the whole microbial community?
Material and methods (a) Experiment overview
Multitrophic communities containing bacteria, bacterivorous protozoa and parasitic bacteriophage were assembled in microcosms (2 ml deepwell microplates). Each microcosm contained 2 ml of media along with the bacterium P. fluorescens SBW25 [25] , predatory protists T. pyriformis (CCAP 1630/1W) and C. paramecium (CCAP 977/2A), and bacteriophage SBW25F2 [25] . Bacterial populations were grown on a 0.75% Luria Broth (Sigma-Aldrich; 100% LB contains 10 g l 21 tryptone; 5 g l 21 yeast extract, 5 g l 21 NaCl), in attempt to mimic relatively lower bacterial densities observed in natural versus laboratory environments. The media was amended with the antibiotic gentamicin sulfate (BioChemica).
Gentamicin is an aminoglycoside bactericidal antibiotic that inhibits translation, meaning that it kills bacterial cells and therefore reduces bacterial abundance [26] . Gentamicin was chosen because it is widely used in clinical environments and because it affects bacterial evolution even at sublethal concentrations [1, 24, 27] . Preliminary assays of the gentamicin antibiotic on axenic protist cultures indicated that gentamicin did not directly affect protist growth (electronic supplementary material, figure S2 ). Antibiotic concentration was varied by replacing the old media on a daily basis with fresh media without removing bacterial or protist cells (details below). The basic unit of the experiment was a six-microcosm metacommunity. Metacommunities were subjected to four experimental manipulations in a fully factorial design where we manipulated the mean (low, intermediate and high), variance (low or high amplitude around the mean) and autocorrelation structure (the similarity between antibiotic concentration changes as a function of time: red noise, similar; white noise, random) of antibiotic concentration in multitrophic metacommunities connected or unconnected with global migration (electronic supplementary material, figure S1 ). Each of the 24 treatment combinations was replicated in four metacommunities, yielding 96 metacommunities and 576 total microcosms. ). Phages were isolated from 24 h SBW25 cultures as described below and inoculated into the microcosms at titres of 370 phage particles ml 21 .
(c) Antibiotic temporal fluctuations
Altering the concentrations of gentamicin antibiotic daily total for 40 days was used to create temporal fluctuations in bacteriaspecific antibiotic stress. Briefly, microcosms were centrifuged to pellet the cells, and 90% of the supernatant replaced with fresh media at a prescribed antibiotic concentration. According to preliminary experiments, 60% of bacteria, protists and phage were retained using this procedure. Gentamicin concentration fluctuated around three mean values (0.04, 0.2 and 0.4 mg gentamicin ml
21
) having low (+10% of mean) or high (+40% of mean) variance. While all antibiotic concentrations reduced ancestral bacterial densities (range: 11-99% density reduction at the initiation of the experiment), part of the bacterial population remained viable in all antibiotic concentrations. Randomly generated and normally distributed time series (mean ¼ 0, s.d. ¼ 1) were created to produce 12 temporally uncorrelated, 'white' time series. Using spectral mimicry [28] , we created 12 corresponding 'red' time series, with identical properties (same mean and variance) but with autocorrelated time structure (lag-1 autocorrelation coefficient r ¼ 0.9; electronic supplementary material, figure S3 ). All subpopulations within a metacommunity experienced different time series to ensure that the results were not biased by a particular set of time series.
(d) Migration
We imposed 10% global migration between all six subpopulations within half of the metacommunities daily prior to resource replacement: subsamples of all populations were mixed together and redistributed evenly among subpopulations within the metacommunity.
(e) Population dynamics
We tracked the abundance of each species in the communities at 5-day intervals. Bacterial abundances were estimated using flow cytometry. Specifically, 25 ml of samples were analysed using the forward scatter detector on a Becton Dickinson Accuri C6 flow cytometer (flow rate ¼ fast; minimum forward scatter threshold of 8000 based on negative control). The raw forward scatter output was analysed using the flowCore R package [29] . Bacterial cells were gated automatically as all particles within 1 s.d. of the mode, where the standard deviation was calculated as the square root of the mode. We ensured that cytometric measurements discriminated between bacterial cells and electronic and debris noise by comparing the results to sterile (but otherwise identical) media. Even though cytometry cannot discriminate between living and dead cells without specific labelling, it reliably reflects relative density differences between treatments and correlates well with colony counts on agar plates (electronic supplementary material, figure S4 ). We used a 96-pin replicator to plate all populations on LB agar plates at every time point to ensure that living bacterial cells could be recovered. Chilomonas paramecium and T. pyriformis protist densities were automatically estimated from three digitized microscope pictures for each microcosm with a Moticam 5 camera mounted on an inverted Motic AE2000 microscope. Image files were processed with CELLPROFILER [30] based on protist cell sizes. Finally, to estimate SBW25F2 phage densities, subsamples were amended with 10% chloroform (final concentration, v/v) and phage particles (plaques) were counted by inoculating the supernatant onto a lawn of ancestral bacteria.
(f ) Bacterial adaptation
We measured adaptation of the final bacterial populations (day 40) by assaying their growth under the different predator and antibiotic treatments, and comparing their growth with the ancestral bacterial strain. Evolved bacteria were first isolated from phages by streaking on agar plates, after which we archived phage-free colonies at 2808C, which also kills the protist predators.
To estimate bacterial fitness changes in the presence of antibiotic, the growth of all evolved bacterial populations and the ancestral strain were measured in high antibiotic concentration by inoculating 2 ml of ancestral and each evolved population into 200 ml of 0.75% LB containing 0.4 mg ml 21 of gentamicin; bacterial densities were measured after 24 h by using flow cytometry (see above). Bacterial fitness was calculated as the growth of evolved bacterial populations relative to the growth of ancestral bacterium (values more than 1 indicate increased fitness of evolved bacteria).
To estimate bacterial adaptation to protists and phage, ancestral and all the evolved populations were grown in the presence of C. paramecium, T. pyriformis or phage SBW25F2 separately. Defence evolution was measured on the mean antibiotic concentration to which the bacterial populations adapted during the selection experiment (0.04 mg ml
21
, 0.2 mg ml 21 or 0.4 mg ml
). Briefly, 2 ml inoculum of all bacterial populations and ancestral bacteria were inoculated in 180 ml of media after 20 ml of each washed (see above) enemy (approx. 50 cells ml
) was added to the respective defence assay plate. The cultures were grown for 24 h (reflecting the temporal scale of antibiotic manipulation) at 258C, after which we estimated bacterial densities using flow cytometry.
Formation of large cell aggregations has been previously connected to bacterial defence against protist predation [19, 21, 22] . Bacterial defence was therefore also determined as the mean number of bacterial cell aggregations observed in the digitized microscope pictures at the last sampling time point. We only included cell aggregates that were larger than the biggest protist species, T. pyriformis, in the analysis. Tetrahymena pyriformis uses a small orifice to filter in particles [22] and is thus unable to feed on cell aggregates larger than the orifice diameter. To estimate pleiotropic cost of bacterial adaptation, the growth of ancestral and all evolved bacterial populations were also measured in the absence of both antibiotics and enemies (see above).
(g) Statistical analyses
We used general linear mixed models for all data analyses. In all analyses, the dependent variable was explained with the main effects of migration, mean, autocorrelation and variability of antibiotic concentration, and all their two-way and three-way interactions. Metacommunity replicate was used as a random factor as one replicate of each treatment was found on each of four plates. We used repeated-measures analysis for time-structured data (population dynamics, predator-to-prey abundance ratio and predator community diversity data), in which metacommunity replicates were set as subject variables and sampling day as a repeated factor. Only the last sampling point was used for all 'evolutionary' models (fitness increases to both antibiotics and enemies and changes in pleiotropic growth cost) and initial bacterial densities were included as random covariates to statistically control slight density differences between different populations. Diversity was estimated as the mean Shannon's diversity index [31] . Temporal stability of populations was estimated from the timeseries data as a coefficient of variation (CV: s.d./mean) of each evolving population. Excluding all three-way interaction effects rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142920 from the models did not change the results, which confirms the robustness of our analysis.
Results
Results are presented in the text below, in figures 1-5, in electronic supplementary material, tables S1-S4, and summarized in electronic supplementary material, figure S5.
(a) Population dynamics
The mean antibiotic concentration had a substantial impact on bacterial growth. Counterintuitively, bacteria reached their highest densities in the high, second highest in the intermediate and lowest densities in the low antibiotic environments (figure 1a and electronic supplementary material, table S1). Both high variability and autocorrelation increased bacterial densities, and this was especially clear in the high antibiotic environment (figure 1a; electronic supplementary material, table S1). Despite having a non-significant main effect (figure 1a; electronic supplementary material, table S1), migration increased bacterial densities in autocorrelated populations evolving in high antibiotic environment (data not shown visually, but see significant interactions between mean, autocorrelation and migration in electronic supplementary material, table S1). All other higher-order interactions were non-significant (electronic supplementary material, table S1).
Tetrahymena pyriformis was the second most abundant enemy in the experiment overall (relative abundance: 31.0% + 0.3%, mean + s.e.m. throughout). In contrast to bacteria, T. pyriformis 24 000  20 000  16 000  12 000  8000  4000  28 000  24 000  20 000  16 000  12 000  8000  4000  28 000  24 000  20 000  16 000  12 000  8000  4000  28 000  24 000  20 000  16 000  12 000  8000 table S1 ). High variability increased T. pyriformis densities only in the intermediate antibiotic environment, while no effect was found in the high, and the opposite effect was found in the low antibiotic environments (figure 1b; electronic supplementary material, table S1). Migration slightly increased T. pyriformis densities during the three first sampling points (figure 1b; electronic supplementary material, table S1). All other main effects or higher order interactions were non-significant (electronic supplementary material, table S1).
Chilomonas paramecium was the most abundant enemy in the experiment overall (relative abundance: 48.0% + 0.3%). Similar to T. pyriformis, C. paramecium were at their lowest densities in the high antibiotic environment, but C. paramecium densities did not differ between low and intermediate antibiotic environments (figure 2a; electronic supplementary material, table S1). While high variability had a positive effect on C. paramecium densities in the high antibiotic environment, it had negative effects in the low antibiotic environment. Migration increased C. paramecium densities (figure 2a; electronic supplementary material, table S1), especially when the mean antibiotic concentration was low and when there was low variability (electronic supplementary material, table S1). All other higher-order interactions were non-significant (electronic supplementary material, table S1).
Phages were the least abundant enemy in the experiment overall (21.0% + 0.5%). Phage reached their highest densities in the low antibiotic environment (figure 2b; electronic supplementary material, table S1), while phage densities did not differ between intermediate and high antibiotic environments (figure 2b). Both high variability and autocorrelation decreased phage densities (figure 2b; electronic supplementary material, table S1). Further, high variability increased phage densities in the intermediate and high antibiotic environments (figure 2b) but decreased phage densities in the low antibiotic environment (figure 2b; electronic supplementary material, table S1). Migration slightly increased phage densities, mainly due to the first sampling point (figure 2b). All other higher order interactions were non-significant (electronic supplementary material, table S1). In general, phage population dynamics varied considerably between different sampling points (figure 2b). Together, these results show that, in contrast to the initial effect of antibiotics on the ancestral bacterium in monocultures, high antibiotic stress increased bacterial densities in the presence of community interactions without concomitant increases in enemy densities. Furthermore, high variability, autocorrelation and migration enhanced bacterial growth especially in the high antibiotic environment, while these same manipulations had more varied effects on enemy densities, except for migration, which has consistently positive effect on enemies (electronic supplementary material, figure S5 ).
(b) Bacterial adaptation to antibiotics
We first compared the growth of evolved versus ancestral bacterial populations and found that evolved bacteria reached approximately nine times higher population densities in the presence of antibiotics (mean of relative fitness: 9.3 + 1.6). We next concentrated on evolved bacteria and found that prior evolution in high antibiotic environment led to the highest fitness increase in the presence of antibiotics (figure 3a; electronic supplementary material, table S2, assays performed at high antibiotic concentration). While autocorrelation or variability had no effects (electronic supplementary material, table S2), migration increased bacterial fitness in the presence of antibiotics (figure 3b; electronic supplementary material, table S2). All higher-order interactions were non-significant (electronic supplementary material, table S2). Together, these results show that bacteria evolved highest fitness increase to antibiotics in the high antibiotic environment and that this adaptation was further promoted only by migration.
(c) Bacterial adaptation to enemies
We found that evolved bacteria grew more efficiently in the presence of all enemies compared with ancestral bacteria: bacteria evolved the highest levels of defence to T. pyriformis (mean relative fitness: 19.7 + 6.1), second highest to C. paramecium (mean relative fitness: 6.9 + 0.8) and the lowest to SBW25F2 phage (mean relative fitness: 4.8 + 0.2; figure 4a). Bacteria evolved the highest levels of defence against T. pyriformis in the high, second in the intermediate and lowest in the low antibiotic environments (figure 4a; electronic supplementary material, table S3). Further, only migration promoted bacterial defence evolution against T. pyriformis, while all other main effects and interactions were non-significant (figure 4b; electronic supplementary material, table S3). As for T. pyriformis, bacteria evolved the highest level of defence against C. paramecium in the high antibiotic environment, followed by the intermediate and low antibiotic environments ( figure 4a and electronic supplementary material, table S3 ). In contrast to T. pyriformis, migration constrained bacterial defence evolution against C. paramecium, especially when bacteria had evolved in the high antibiotic concentration (figure 4b; electronic supplementary material, table S3). All other main effects and interactions were non-significant. In contrast to the protists, bacteria evolved the highest levels of defence to phage in the low, second highest in the intermediate and the lowest in the high antibiotic environment (figure 4a; electronic supplementary material, table S3). Similar to C. paramecium, migration constrained bacterial defence evolution against phage (figure 4b; electronic supplementary material, table S3), while all other main effects and interactions were non-significant. Lastly, we looked at whether there were differences among treatments in the number of SBW25 cell aggregations that were larger than the protists. Bacteria formed the highest number of cell aggregations in the high antibiotic environment, whereas no difference was found between intermediate and low antibiotic environments (figure 4c; electronic supplementary  material, table S3 ). Further, high variability increased, and migration decreased, the number of cell aggregations, especially in highly variable environments (electronic supplementary material, figure S5 and table S3) . Autocorrelation decreased the number of cell aggregations in the high antibiotic environment (electronic supplementary material, figure S5 and table S3 ). All other main effects and interactions were non-significant.
Together, these results indicate that bacteria evolved their highest levels of defence against protists in high antibiotic environment, and their highest levels of defence to phages in lower antibiotic concentrations. While migration promoted defence evolution against T. pyriformis, it constrained defence evolution against C. paramecium and phage.
(d) Costs of adaptation
Bacterial fitness increases were costly leading to reduction in growth (maximum density) in the absence of antibiotics and enemies (mean relative fitness compared with ancestral bacteria: 0.56 + 0.14; figure 4d) . Surprisingly, adaptation in the low and intermediate antibiotic environments led to relatively higher growth cost compared with the high antibiotic environment (figure 4d; electronic supplementary material, table S2). Only high variability alleviated the growth cost: all other main effects and interactions were non-significant (electronic supplementary material, table S2).
(e) The effect of evolution on ecological properties of the community
We first explored the impact of bacterial evolution on predatorto-prey abundance ratios. The relative abundance of predators was highest in the low, intermediate in the intermediate and lowest in the high antibiotic environment (figure 5a; electronic supplementary material, table S4). Variability and autocorrelation slightly decreased and migration increased the ratio of enemies to bacteria (electronic supplementary material, Lastly, we examined the impact of the treatments on the population stability. We found that increasing antibiotic concentration destabilized population dynamics of all species rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142920 (figure 5c-f; electronic supplementary material, table S4 ). Only migration stabilized bacterial population densities; all other main effects and interactions were non-significant (electronic supplementary material, Together, these results show that increased fitness to antibiotics and protist enemies correlated with decreased enemy species abundances, low enemy community diversity and more variable population fluctuations. These ecological changes were further shaped by migration, and to a lesser degree by interactive effects between mean antibiotic concentration, variability and autocorrelation.
Discussion
We found that selection by antibiotics and enemies affected bacterial adaptation and changed the ecology of multitrophic microbial communities via secondary effect on species that were not directly affected by antibiotics. To answer our four original questions, we found that, first, even though increasing antibiotic concentration initially increased the mortality of the ancestral bacterium, bacteria evolved to grow better in the presence of antibiotics in all of the antibiotic environments. Second, bacteria evolved defences to all enemies in the community. Third, bacteria evolved highest fitness increases both to antibiotics and to protists in the high antibiotic environment, which is indicative of positive pleiotropy. Fourth, the ecological changes in enemy communities were clearest in the high antibiotic concentration environment, where the evolutionary changes in bacterial fitness were also the greatest. In general, mean antibiotic concentration and migration were strongest drivers of bacterial evolution, while temporal antibiotic fluctuations affected mainly species' population dynamics.
Bacterial fitness to antibiotics increased in all environments and this increase was clearest when bacteria had evolved in the high antibiotic environment, where the initial selection was also the strongest (99% density reduction of ancestral bacterium). It is known that bacteria can evolve resistance to gentamicin (aminoglycoside) via three different mechanisms: reduced uptake, alterations at the ribosomal binding sites or production of aminoglycoside modifying enzymes [26] . Different resistance mechanisms confer different degrees of resistance: reduced uptake leads to moderate resistance [32] , while enzymatic modification leads to high levels of resistance [33] . Therefore, increased bacterial fitness to antibiotics could have evolved via different mechanisms in different antibiotic concentrations. Bacterial adaptation to antibiotics was further enhanced only by migration, probably due to spread of beneficial resistance mutations between populations [6, 34] .
The mean and migration could thus have relatively larger effects on bacterial fitness to antibiotics compared with antibiotic fluctuations, at least over the temporal scales investigated here.
Bacteria evolved the greatest level of defence against T. pyriformis and second highest level of defence to C. paramecium. Evolving defences to protist enemies correlated positively with fitness increases to antibiotics. We suggest two explanations for this pattern. First, increased fitness to antibiotics could have increased bacterial population densities and mutation supply rates, which could have promoted defence evolution against protists: anti-predatory defences have been shown to evolve more readily in larger bacterial populations [35] [36] [37] . Second, it is possible that mechanisms linked to both increased fitness to antibiotics and increased levels of defence to protist enemies were positively correlated (pleiotropy). In support for this, we found that evolved bacteria formed most cell aggregates in the high antibiotic environment, which is consistent with previous studies reporting linear increase in biofilm formation with increasing sublethal gentamicin concentrations (0-0.4 mg ml 21 ) using P. aeruginosa, a closely related species [24, 27] . Ciliate predators often select for bacterial biofilm lifestyle because large cell aggregates cannot be easily consumed by protists [21, 22, 35] . Interestingly, it has also been observed that biofilm formation can directly increase bacterial resistance to antibiotics [24, 27] . While our data cannot separate the causal driver of bacterial cell aggregation, this trait probably increased bacterial fitness in the presence of both antibiotics and protists. These results are consistent with previous studies reporting a positive correlation between abiotic and biotic stress resistances [38, 39] , and suggest that trade-offs might not always limit adaptation in complex selective environments.
Bacteria evolved weakest defences against phage, and in contrast to protists, the level of phage defence evolved highest in the low antibiotic environment. It is possible that phage defence evolution correlated negatively with bacterial fitness increase to antibiotics. For example, deficiency in Escherichia coli lipopolysaccharide formation has been shown to lead to phage resistance, but susceptibility to antibiotics [40] . In support for this, we found that high levels of phage defence correlated with small fitness increases to antibiotics (tradeoff ). Bacteria might thus have been able to evolve high defence to phages only in conditions where the selection by antibiotics was weak (low antibiotic concentration). In addition, we found that high phage defence correlated with weak protist defence. This suggests a trade-off in simultaneously evolving defences to phage and protist enemies [18, 21, 41] . Phage selection could have thus indirectly limited bacterial fitness increase to antibiotics by constraining evolution of protist defence, which correlated positively with bacterial ability to grow in the presence of antibiotics. Unfortunately, it is not possible to distinguish these hypotheses with the current data.
Resistance traits are often connected to pleiotropic growth costs in the absence of the given selective agents [6, 18, 34] . We found that bacterial growth cost was greatest in the environment with the lowest degree of adaptation (low antibiotic environment), and smallest in the environment with the highest degree of adaptation (high antibiotic environment). This result is surprising because evolution of generalism is often expected to lead to the highest growth costs [42] . However, cost-free generalism has been observed to evolve in response to selection by fluctuating temperatures [38] or resource rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142920 availability [43] . There are multiple possible explanations for these results. First, bacteria could have had more changes to acquire compensatory mutations in the high antibiotic environment where they reached both relatively highest population densities and mutation supply rates. Second, different antibiotic resistance mechanisms could explain different degrees of pleiotropic growth costs; decreased cell permeability is often connected to clearly reduced growth in the absence of antibiotics [44] . Third, it has also been shown that bacterial hypermutator phenotypes bear small pleiotropic costs [45] and that hypermutators can be favoured under phage selection [46] . While further experiments are needed to test these hypotheses, we conclude that the cost of adaptation might not always limit fitness increases to multiple stresses as observed in this study.
Lastly, we found that bacterial evolutionary changes cascaded through the food web, having substantial impacts on the ecological properties of enemy communities. Increasing antibiotic concentration and rate of bacterial adaptation led to an overall decrease in predator densities, reduced enemy community diversity and increased temporal fluctuations of bacterial and enemy populations. Even though autocorrelation structure and variability also affected these ecological properties, their effects were considerably smaller compared with effects of the mean antibiotic concentration (electronic supplementary material, table S4). As a result, bacterial evolution was the most likely driver for all these changes. For example, prey defence evolution is predicted to cause destabilization of predator-prey dynamics [47] , while evolution of generalist defences has been suggested to constrain the coexistence of multiple predators [48] . Interestingly, environmental variability and autocorrelation had only small effects on the stability of populations, which suggests that evolutionary dynamics can have a larger effect on population fluctuations than external environmental forcing. In the future, it would be interesting to study if these observed ecological changes could feed back into the selection process.
It has been recently pointed out that leaking of antibiotics can enrich antibiotic resistance genes in environments [1, 49] . Here, we show that increased fitness to antibiotics can correlate with adaptation to phage and protist enemies, having indirect cascading effects on the ecology of bacterial consumers that are not directly affected by antibiotics. We thus suggest that even relatively low, sublethal antibiotic concentrations could have far-reaching and unexpected community-wide consequences for the trophic dynamics and functioning of natural microbial ecosystems. In the future, patterns observed in our simplified microbial laboratory systems should be validated in more complex natural communities under selection by different antibiotics, whose effects might depend critically on their mode of action [10] .
Data accessibility. The raw data for this study can be found in the Dryad data repository: doi:10.5061/dryad.fp85d. 
